This work presents the analysis of a joined split-ring frequency selective surface (FSS) for X-band applications using the wave concept iterative procedure (WCIP). When the incident normal plane wave is polarized in the x direction, the joined split-ring FSS shows three rejecting bands at 9 GHz, 10.5 GHz, and 11.5 GHz simultaneously with bandwidths of 3.11 GHz, 0.6 GHz, and 1.13 GHz, respectively. Moreover, one rejecting band at 6.5 GHz is present when the FSS is fed with a normal plane excited in the y direction. In addition, the different resonant frequencies can be tuned independently to give rise to a tuned enhanced band. An FSS with four rejecting bands is obtained when the metallic notch is placed on the lower coupling metallic strip. The joined split-ring FSS is manufactured and measured. The simulated results obtained using the WCIP are compared to the measured results and COMSOL Multiphysics results and good agreement is obtained.
Introduction
There are many applications where frequency selective surfaces (FSSs) can be found, such as reflectors or filters [1] [2] [3] . The dual polarized behavior of planar structures is studied for the sake of flexibility in antennas [4] and FSSs [5] . In this paper a novel joined split-ring FSS is presented for dual polarized spatial communications. It can be used for triband applications if the FSS is fed with an x polarized plane wave and for mono-band applications when a y polarized source is used. The analysis of this structure is carried out using the wave concept iterative procedure (WCIP) detailed in [6, 7] . The use of a split-ring resonator and notches in microstrip antennas and filters provides a large rejecting band [8, 9] . Hence, joining the split-ring in the presented FSS can allow an enhanced adjustable rejecting band in addition to multiresonant frequencies. An additional rejecting band is generated by a simple position changing of the FSS metallic notch. A parametric study allows the determination of the FSS dimensions affecting the three resonant frequencies.
One joined split-ring FSS is manufactured and measured for both x and y polarizations. The WCIP results are compared to measurements and COMSOL-4.3b results and good agreement is recorded.
Theory: WCIP formulation
The WCIP method is a full wave method based on transverse wave formulation and on an iterative procedure repeated until convergence is reached. The waves' information is collected at interface Ω containing the electric circuit made up by a metallic domain etched on a dielectric medium and separating two dielectric media. The scattered waves at the interfaces are related to the incident waves by the use of a scattering operatorŜ Ω defined in the spatial domain using the boundary conditions at the interface characterizing the metallic and the dielectric domains. Reflection operatorΓ i , defined in the modal domain, intervenes to relate the diffracted waves to the incident waves of the next iteration. The iterative procedure is shown in Figure 1 . 
The incident waves ⃗
A i and the scattered waves ⃗ B i are calculated from the tangential electric and magnetic fields ⃗ E T i and ⃗ H T i as [5] [6] [7] :
where i indicates medium 1 or 2 separated by interface Ω. Z 0i is the characteristic impedance of the same medium i. ⃗ J i is the surface current density obtained from the tangential magnetic field ⃗ H T i by a simple rotation as a result of the vector product of the normal vector ⃗ n and the magnetic field ⃗ H T i .
The tangential electric field and the surface current density can be calculated from [10] :
Scattered waves ⃗ B i will be reflected from the closing impedances to generate incident waves ⃗ A i for the next iteration after adding incident source waves ⃗ A 0 . Incident waves ⃗ A i can be calculated by:
whereΓ i is the reflection coefficient of the closing impedances of medium i.
Scattering operatorŜ Ω determination
S Ω is a scattering operator defined in the spatial domain. 
The boundary conditions on the metal are verified on the domain H M if the transverse electric field is null at the two sides of interface Ω such as [11] :
Replacing Eq. (8) in Eq. (3), metal domain scattering operatorŜ M can be obtained as:
In dielectric domain D , to satisfy the boundary conditions on H D the current density should be null on the dielectric domain and the electric field should be the same at the two sides of interface Ω in such a way that [11] :
where ⃗ J 1 and ⃗ J 2 are the current densities at the two sides of interface Ω . ⃗ E 1 and ⃗ E 2 are the tangential electric fields at the two sides of interface Ω.
Replacing Eq. (10) in Eqs. (3) and (4), the dielectric domain scattering operatorŜ D can be obtained in terms of the dielectric domain indicating function H D as:
where N is a constant obtained when solving for the dielectric domain scattering operatorŜ D for the dielectric boundary conditions at interface Ω. N = √ Z01 Z02 , with Z 01 and Z 02 indicating the characteristic impedance of medium 1 and 2, respectively.
The total scattering operatorŜ Ω is then given as:
Reflection operator determination
Γ i is the reflection operator of the i th medium; it is diagonal since the modes are independent from each other and it is characterized by a specific reflection coefficient depending on the mode type, TE or TM. The nondetermination of reflection coefficient Γ in the spatial domain leads to a need to use the reflection coefficient in the modal domain because of its definition in the modes basis. As a result, a transition from the spatial domain to the modal domain is predominant. To enable this operation, a transform known as the fast modal transform (FMT) is to be used. The inverse operation can take place using the FMT −1 to go back to the spatial domain.
The TE mn and TM mn mode reflection coefficients are given by [6, 7] : mn of medium i can be calculated by [11, 12] 
(i) γ mn is the propagation constant of medium i for the mnth TE and TM modes and it is given as:
ε 0 ε ri , and µ 0 are the permittivity of the vacuum, the relative permittivity of medium i, and the permeability of the vacuum, respectively. a and b are the dimensions of the FSS unit cell along the x and y directions.
Fast modal transform
Going from the spatial domain to the modal domain and back to the spatial domain is achieved by the use of the fast modal transform pair FMT/FMT −1 .
The determination of the FMT/FMT −1 pair is detailed in [6] :
where k mn , k xmn , and k ymn are constants given by 
Geometry of the joined split-ring FSS and the measurement setup
The WCIP method is used to characterize the joined split-ring FSS structure manufactured as an array of 10 × 10 unit cells shown in Figure 2a . The interface of the FSS unit cell of Figure 2b is divided into 250 × 250 pixels. The iterative procedure is stopped after 300 iterations.
The used measurement setup is shown in Figure 2c . It consists of an AGILENT N5230A two-port network analyzer and two horn antennas of the type WR-137 with a nominal 20 dB gain used in the operating frequency band of 4.5-9.0 GHz even though the nominal band is 5.85-8.2 GHz. To cover the remaining used operating frequency band a second type of horn antennas of type WR-90 with a nominal gain of 15 dB is used in the operating frequency band of 7-14 GHz even though the nominal band is 8.2-12.4 GHz. The band of 7-9 GHz represents the common operating band and provides the most precise measured results. Figure 3 is the transmitted power versus the operating frequency for the joined split-ring FSS of Figure 1a obtained by the WCIP method, COMSOL Multiphysics 4.3.b, and measurements for both x and y polarizations. The dimensions of the FSS are given in Table 1 . The three x polarized rejecting bands occur at about 9 GHz, 10.5 GHz, and 11.5 GHz and one band takes place at 6.5 GHz when the source is y polarized. Good agreement is observed between COMSOL simulations and measurements. For WCIP results the differences as compared to the measurements and COMSOL results are related to the number of used points to describe interface Ω and to the limited number of used iterations to stop the WCIP method's procedure. 
Simulation and measurement results
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In Figure 4 the joined split-ring FSS is characterized by the WCIP method and COMSOL Multiphysics for different values of L 4 varying from 2.6 mm to 3 mm, maintaining the remaining FSS dimensions constant when the FSS structure is excited with an x polarized incident plane wave. Only the lowest resonant frequency is considerably affected, permitting a fine-tuning of the lowest rejecting band frequency position. The central and the highest resonant frequencies are slightly affected. As compared to the variations in the lowest resonant frequency, the effect of L 4 can be considered as a way for the FSS lowest resonant frequency to be significantly The choice of the (L 1 , L 4 ) pair is done in such a way to obtain an enhanced band resulting from bringing the FSS lowest frequency and the central resonant frequency close to each other to overlap. In Figure 7 the transmitted power of the joined split-ring FSS structure is plotted for different pair values (L 1 , L 4 ) varying from (10.5 mm, 0.6 mm) to (11.5 mm, 1 mm) and then varying to (12.5 mm, 1.2 mm), fed with an xpolarized normally incident plane wave. An enhanced band of about 2.2 GHz at -10 dB and centered at about 8.5 GHz is observed when the (L 1 , L 4 ) pair is taken equal to (12.5 mm, 1.2 mm). When the (L 1 , L 4 ) pair is taken equal to (10.5 mm, 0.6 mm), the enhanced band center frequency is moved up until about 9.5 GHz with the bandwidth remaining approximately unchanged. The current density is represented for the three resonant frequencies in Figures 8, 9 , and 10 versus the interface plane ( Ω) for the joined split-ring FSS structure of Figure 2 . The figures show that the boundary conditions are satisfied for all the metallic and dielectric domains being zero on the dielectric domain and concentrated on the metallic strip edges. Bringing the notch to the center of the lower coupling strip, as shown in Figure 11 , leads to a modified quasi-square joined split-ring characterized by four rejecting bands when the structure is excited with an x polarized normal incident plane wave as shown in Figure 12 . Depicted in Figure 12 is the transmitted power versus the operating frequency for the modified quasisquare joined split-ring FSS of Figure 11 obtained by the WCIP method and COMSOL Multiphysics 4.3.b. The dimensions of the unit cell modified FSS are given in Table 2 . Four resonances occur at about 6.7 GHz, 8.5 GHz, 10.6 GHz, and 13 GHz. In Figure 15 the transmission coefficient of the modified FSS excited with an x polarized normal plane wave is presented. Only the rejecting band centered at about 8.5 GHz is moved up to 9.5 GHz by varying simultaneously strip width W 1 from 3.5 mm to 2 mm and length W 2 from 1 mm to 2.5 mm. 
Conclusion
In this paper a joined split-ring FSS is proposed and experimentally verified. This structure provides three rejecting bands when the incident plane wave is polarized in the x direction. The dimensions responsible for independently varying the resonant frequencies of the FSS are determined to give rise to two possible nonsimultaneous enhanced bands centered at two different adjustable resonant frequencies. The proposed structure also shows one rejecting band when the FSS is excited in the y direction. To end with an FSS with four rejecting bands, the notch is moved at the center of the lower metallic parallel strip. The parametric study of the novel FSS allows the determination of the dimensions affecting three resonant frequencies among four existing resonant frequencies and one adjustable enhanced band can be obtained when two adjacent rejecting bands are sufficiently moved towards each other. The results show good agreement between WCIP results, simulations results obtained by COMSOL, and measurements.
